The extraordinary strength values of composites with nano-scale layers or phases have inspired much investigation into the strengthening mechanisms of laminated composites such as Cu-Nb. The annealed microstructure and texture of any material govern its mechanical properties in composites just as much as in single-phase materials yet studies on the development of annealing textures of such deformed layered composites are still very limited as compared to studies of strengthening mechanisms. Recrystallization textures of monolithic pure Cu and alloyed Cu -C19210 as well as when they are reinforced with Nb using roll-bonding are investigated. The rollbonded samples of different layered length scales were deformed to reductions of 70-90% and annealed at 300 o C and 800 o C for 0.5 hours. We found that the Cube and R-orientation {124}<211> were the dominant components in the recrystallized texture of monolithic pure Cu and alloyed Cu respectively. However, retained rolling texture was obtained for the sub-micron Cu layers of the composites. X-ray analysis and EBSD was used to study the recrystallization evolution of the Cu in the composites. EBSD in particular was also used to observe recrystallization for the sub-micron Cu layers. In this paper we also discuss the effect of the length scale of the Cu layer thickness on the recrystallized texture especially in the sub-micron range.
Introduction
Strengthening mechanisms of micro-composites such as Cu-Nb [1] [2] have been extensively investigated. Cu-based composites are attractive in applications where there is a need for materials having high strength and conductivity [3] [4] . Such composites may be subjected to heat treatment, either during their processing or as a consequence of their usage, as in the application in magnetic coils through Joule heating. The annealed microstructure and texture of any material govern its mechanical properties in composites just as much as in single-phase materials. Thus, it is vital to analyze the microstructural evolution associated with annealing.
Research into the texture evolution in deformed and annealed Cu has been growing in the past decades. Necker et al. [5] showed for OFE Cu rolled to reductions of 73% and 90%, that the strength of the Cube recrystallization texture component increases with increasing rolling reduction. The increase was found to be non-linearly correlated with a small increase in Cube texture in the deformed material and strongly correlated with the frequency of Cube nuclei present in the early stages of recrystallization after 73% and 90% reduction [6] . Small additions of some alloying elements, however, can prevent or largely suppress the Cube texture without significantly changing the deformation texture -for example, the additions (in atomic percent) of 0.0025% P, 0.3% Sb, 1.5% Mg or 4.2% Ni [7] . Second phase particles have also been found to affect the recrystallization texture of materials.
We report the recrystallization textures of monolithic pure Cu and alloyed Cu (C19210) and compare them to composites of pure Cu with Nb (CU-Nb) and composites of the alloyed Cu with Nb (CA-Nb). The effect of length scale of the layer thickness of the Cu layers in the composites on the recrystallization texture is highlighted. The report focuses on the Cu layers in the composites and qualitatively and quantitatively shows the major texture components in the as-rolled and annealed conditions. We show that for the CU-Nb and CA-Nb layered composite, recrystallization textures having retained rolling texture components are obtained instead of the Cube and Rcomponents respectively as we approach the sub-micron scale. Table 1 details the composites studied, their respective names, percentage reduction imposed and thicknesses of the Cu layers. Isothermal annealing experiments on the composite samples were carried out in an Argon environment for 0.5 hour at temperatures of 300 o C and 800 o C for the CUNb and CA-Nb composite samples respectively, followed by a water quench. Monolithic pure Cu and alloyed Cu sheet material used in the fabrication of the composite were also rolled to 92% reduction and annealed at similar temperatures. The alloyed Cu -C19210 used had the following composition: 99.8wt%Cu, 0.1wt%Fe, and 0.03wt% P; the commercial pure Cu had: 99.9wt%Cu, 0.005wt%Fe, 0.002wt%P, 0.002wt%Zn; the Nb was reactor grade.
Methods
The texture of the composite and the monolithic samples were examined on the RD-TD plane. The monolithic samples were etched prior to the X-ray measurement. Incomplete pole figures were measured in reflection geometry in an X'Pert Philips Diffractometer. The orientation distribution function (ODF) for the Cu layers was calculated by the harmonic method from incomplete {111} Cu , {200} Cu , {220} Cu , and {311} Cu , pole figures using the Los Alamos Preferred Orientation Package (popLA) after correction of the data with respect to measured background and calculated defocusing error. Microstructural analysis was performed on the cross-section containing the rolling plane normal and rolling direction. Electron Back Scattering Diffraction (EBSD) had to be used to study orientations and microstructure in the fine copper layers because of difficulties with conventional metallography.
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Results
ODFs were obtained for the rolled and annealed samples of the monolithic pure Cu and alloyed Cu as well as for the composites. Figures 2 shows the ODFs for the 92% rolled monolithic pure Cu and the pure Cu layers in the composite CUNb32r97, before and after annealing. Volume fractions were calculated for both the rolled and annealed condition using a 15° acceptance angle. The deformation textures of the copper in all the samples were very similar to standard textures in rolled FCC materials with a strong β-fiber, figs 2a, 2c. From our volume fraction calculation, the main rolling texture component is the S component followed by the Cu then Brass. The Nb layer does not have any appreciable effect on the deformation texture even when the layers are in the sub-micron range.
The recrystallization textures, however, show differences in the ODFs when the annealed samples of the monolithic pure Cu and alloyed Cu were compared. The dominant recrystallization texture component was found to be the R-orientation ({124}<211>) for the alloyed Cu. Volume fraction analysis showed that the R-orientation volume fraction increased after annealing whereas the Brass and S components decreased, fig. 3 . In the pure Cu sample, the recrystallization texture is the Cube component, fig. 2b .
It is intriguing that the ODFs of the pure Cu and alloyed Cu in the annealed composites were very similar to those of the corresponding rolled samples. The Cube or the R-orientation did not dominate the recrystallization texture for the respective Cu layers but a retained rolling texture is At the micron scale (≥1 µm), the R-orientation and the Cube-orientation was found to be still a major component for the pure Cu and alloyed Cu composites respectively, in addition to the S, B/S and C components. The volume fractions of the latter components decrease on annealing. In the sub-micron range, retained rolling textures are observed such that the S, B and C volume fractions are either stable or show a slight increase whereas the R and Cube orientations are no longer major components.
OIM/EBSD results shown here are focused on the as-deformed CANB128r73 and CANB128r92 samples as well as the respective annealed samples at 800°C. The misorientation distributions, fig. 4 , show that there are a large percentage of low angle boundaries of 3 o or less in the copper layers of the as-deformed state of the 73% and 92% reduced composite samples. However, both samples have about 45% of high angle grain boundaries (HAGB). On annealing, the amount of high angle boundaries increased to about 60% for both samples, especially boundaries close to 60 o . This is attributed to annealing twin formation (60 o <111>).
(a) (b) Figure 5 : Grain diameter distribution plots for composite sample reduced to a) 73% reduction and b) 92% reduction. : for as deformed sample; : for sample annealed at 800 o C.
The grain diameter distributions plots on the other hand, show that the grain diameter increased in the copper layers when the 73% as-deformed composite sample was annealed. Quantitatively for example, the volume fraction of approximately 22.5% of grains with a grain diameter of 0.3 micron decreased to less than 10% on annealing. In contrast, there is nearly no difference between the as-deformed and annealed states for the grain diameter distribution for the 92% deformed sample, fig. 5b . 
Fundamentals of Deformation and Annealing
Discussion
For the alloyed Cu C19210, the R component, {124}<211> dominates the recrystallization texture instead of the Cube component which was obtained for the monolithic pure Cu sample. This was mainly attributed to the presence of the alloying elements of Fe and P. Other researchers have shown that the effect of Fe on the recrystallization texture in Al [9] [10] is such that a very small amount of Fe gives rise to the pronounced formation of the R-orientation [11] [12] . It was pointed out though, that in the vast majority of investigations on the recrystallization textures of Cu and alloyed Cu, no R-orientation was observed which was attributed to the different dynamic recovery behavior of Cu and Al [13] . In the alloyed Cu, it is likely that the combination of P and Fe alloying elements was sufficient to curb grain boundary mobility and slow down the recrystallization kinetics, which allowed the R-orientation texture to develop instead of the Cube [14] .
It is possible that the retained rolling texture observed in the Cu layers of the CU-Nb and CA-Nb composite could have been the result of continuous recrystallization. This occurs where a microstructure with predominantly high angle grain boundaries, possibly formed during large deformations, experiences only short-range grain boundary migration on annealing, resulting in a fine grain microstructure whose crystallites are surrounded by high angle boundaries [15] . The deformation level that was imposed on the respective composite with sub-micron layers, Table 1 , was similar to that of the micro-scale layered samples (>1 µm) and yet only the composite layers with sub-micron Cu layers exhibited retained rolling texture. This demonstrates that there is a length scale effect of the Cu layer thickness in the composite on the recrystallization texture evolution, which is attributable to the presence of the Niobium layers (Nb).
As the layers are reduced to the sub-micron range, the effect of Nb increases. The Nb could act in a similar manner to that of 2 nd phase particles that exert a pinning effect on grain boundaries thereby impeding discontinuous recrystallization. Lücke et. al. [16] showed in an Al alloy that at high deformation, secondary precipitation occurred which prevented nucleation and "genuine" recrystallization from occurring and only "recrystallization in situ" (i.e. continuous recrystallization) could take place. Their annealed sample had retained rolling texture. It is more than just the presence of a second phase but also the spacing of the second phase particles that is important for controlling the pinning effect on both the low and high angle grain boundaries. Humphreys [15] suggested that, if a material contains second-phase particles that are aggregated in bands (which is very similar to our layered structure in our composite), the boundary of grains lying parallel to, and next to these bands (in our case the Nb phase) will experience a drag effect. It has also been shown that the shape of the grains and sub-grains are elongated after recrystallization or recovery due to such pinning effect by aligned oxide particles on the high or low angle grain boundaries respectively [17] . Interestingly, the OIM/EBSD orientation maps obtained for the composites did indeed exhibit elongated grains after annealing.
From the results of the texture measurement and OIM/EBSD analysis carried out on the CANb composite samples, we deduced that continuous recrystallization in the Cu layers is the annealing mechanism operating during the annealing stage of these composites. Firstly, the retention of the rolling texture suggests that long-range boundary motion is not occurring to any great extent, i.e. that discontinuous recrystallization is not contributing significantly to microstructural evolution. Secondly, the copper layers are unlikely to be undergoing only recovery because there is a decrease in the percentage of LAGB and an increase in HAGB during annealing. The HAGB is increased from approximately 45% to 60% for both composite samples. The percentage of HAGBs in the as-deformed samples of the composite is below the 60% to 70% level at which Humphreys suggests that discontinuous recrystallization will be impeded [15] . Instead, the close sub-micron spacing of the Nb layers may impede both nucleation of new grains and the growth of new grains if they are formed, thereby allowing the other grains in the deformed state to recover and grow instead. The increase in the pinning effect of the Nb layers on the growth of grains in the Cu layers is also evident in the grain diameter distribution. The grain diameter of the 73% deformed sample with a layer thickness of about 600nm increased after annealing, fig. 5a , whereas that of the 92% deformed sample with a layer thickness of about 200nm, showed minimal changes in its grain diameter distribution.
Lastly, the misorientations distributions also showed an increase in grain boundaries at 60°, which were predominantly annealing twins. The formation of annealing twins appears to indicate that new grains have developed and discontinuous recrystallization has occurred. However, twin formation during recovery has also been reported [18] [19] . It is interesting though that the annealing twins have limited effect on the recrystallization texture. More study into this area is to be carried out.
Conclusions
In this study, the main recrystallization texture component in the alloyed Cu C19210 is the Rorientation {124}<211> instead of the Cube orientation found in pure Cu. The rolling texture of the Cu layers of the CU-Nb and CA-Nb layered composites had a β-fiber texture, similar to the monolithic rolled samples. The recrystallization texture of the Cu layers was observed to have the R-orientation and Cube-orientation in the respective CU-Nb and CA-Nb composites and the S, Brass and Copper components decreased during annealing. However, when the Cu layers are in the sub-micron range, a retained rolling texture is obtained for the recrystallization texture. This was attributed to the effect of the Nb layers impeding and/or retarding the growth of grains in the Cu layers, resulting in continuous recrystallization. As the layer thickness of the Cu layers decreases, the pinning effect of the Nb on the grain boundaries increases.
